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a  b  s  t  r  a  c  t

A  Net-Zero  Energy  Residential  Test  Facility  has been  constructed  at the  National  Institute  of  Standards
and  Technology  to demonstrate  that  a  home  similar  in  size,  aesthetics,  and  amenities  to  those  in the
surrounding  communities  can  achieve  net-zero  while  meeting  the  needs  of  a four  member  family.  The
home  incorporates  a  vast  array  of  renewable  energy  and  energy  efficient  technologies,  a subset  of  which
was  used  during  the first  year  of  operation,  including  an  air-to-air  heat  pump  system,  a  solar  photovoltaic
system,  a solar  thermal  hot  water  system,  and  a  heat  recovery  ventilation  system  (HRV).  The  solar  pho-
tovoltaic  system  generated  13,523  kW  h  of energy,  exceeding  the  home’s  annual  energy  consumption  by
hotovoltaic
olar thermal
ir-to-air heat pump
eat recovery ventilator
est facility
ational Institute of Standards and
echnology

484 kW  h during  the 12-month  test  interval.  The  solar  thermal  hot  water  system  provided  54%  of  the
energy  required  to meet  the  hot  water  load.  Use of  the  heat  recovery  ventilator,  used  to  provide  ventila-
tion  air  to  the  home,  resulted  in 1965  kW  h of  energy  consumption,  514  kW  h  to  power  the HRV  and  1451
of  energy  used  by  the  heat  pump  system  to  meet  the  additional  sensible  and  thermal  loads.  This  paper
describes  the  facility  and  presents  performance  data  for the  first  year  of  operation.

Published  by Elsevier  B.V.
. Introduction

Buildings consumed 41% of all energy used in the United
tates in 2010, with residential buildings and commercial build-
ngs accounting for 22 and 19% [1], respectively. In addition to
onsuming more energy than the transportation or industrial sec-
or, buildings represent the fastest growing sector of energy usage
1]. In order to address the significant amount of energy consumed
y residential buildings, a number of net-zero energy houses have

een designed, constructed and monitored throughout the world.
arker [2] presents a history of low energy residential homes and
resents annual performance data from a dozen very low energy

∗ Corresponding author at: National Institute of Standards and Technology, Engi-
eering Laboratory, Gaithersburg, MD 20899, USA. Tel.: +1 3019755864.
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ark.davis@nist.gov (M.  Davis), harrison.skye@nist.gov (H. Skye),

rian.dougherty@nist.gov (B. Dougherty), brian.polidoro@nist.gov (B. Polidoro),
illiam.healy@nist.gov (W.  Healy), joshua.kneifel@nist.gov (J. Kneifel),

etsy@buildingscience.com (B. Pettit).

ttp://dx.doi.org/10.1016/j.enbuild.2015.05.002
378-7788/Published by Elsevier B.V.
homes in North America. Parker concludes that very low energy
homes can be readily achieved in the U.S., and the greatest cost
effectiveness is achieved through energy efficiency measures as
opposed to the use of renewables. Musall et al. [3] summarizes the
research of the International Energy Agency’s Annex 52 “Towards
Net Zero Energy Buildings” and states that “during the last 20 years
more than 200 reputable projects with the claim of a net-zero
energy budget have been realized all over the world.” Musall reit-
erated the finding of Parker that efficiency measures need to be
implemented before consideration of renewable energy sources
and further notes that less on-site energy generation offers a greater
number of architectural options. Rosta et al. [4] report on the con-
struction and performance of a zero-energy house in the Desert
Southwest region of the U.S. Boleyn [5] reports on a residence in
Portland, Oregon that is approaching net-zero in a relatively cloudy
climate. Doiron, O’Brien, and Athienitis [6] present design, con-
struction and detailed performance data for a residence located
near Montreal. They document the large influence of occupant

behavior on energy consumption. Sherwin et al. [7] present the
performance of four near net-zero energy homes in Florida instru-
mented to provide data on electrical consumption and generation,
indoor conditions, and meteorological conditions. Norton et al. [8]
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including the stem wall. A 5.1 cm thick foil-faced polyisocyanu-
Fig. 1. Net-zero energy residential test facility (NZERTF).

eport on the design and performance of a 118.9 m2, three-bedroom
abitat for Humanity zero energy home near Denver, Colorado that
roduced 24% more energy than it consumed during its first year
f operation.

In 2012 NIST completed the construction of a Net-Zero Energy
esidential Test Facility (NZERTF) on its campus in Gaithersburg,
D to demonstrate that it was possible to achieve net-zero for

 house with conventional architecture, amenities, and size com-
arable to those being constructed in the surrounding area. The

iving area of the NZERTF (252 m2) is slightly larger than aver-
ge size home (242 m2) currently being constructed in the United
tates. Additionally the NZERTF is providing experimental data
or computer model validation studies and to quantify the energy
mpact of mechanical ventilation. The purpose of this manuscript
s to describe the design of the facility, to present data collected
uring the first year of operation, and to discuss a number of

essons learned. The cost-effectiveness of the various means used
o achieve net-zero, comparisons of the actual versus modelled
erformance of the NZERTF, and benchmarking to other net-zero
nergy buildings will be addressed in future publications.

. Design

The NZERTF is a unique facility in that it resembles a residence
et is truly a laboratory, Fig. 1. Among the NZERTF’s unique fea-
ures is access to three separate ground source heat exchangers, a
adiant basement floor heating system, a solar hot water system
ith variable solar collector area and storage capacity, a 10.2 kW
hotovoltaic system, a heat recovery ventilation system, and var-

ous means of interfacing the smart grid with smart appliances.
he facility also incorporates three different means of distribut-
ng conditioned air throughout the house—a sealed sheet-metal
ir distribution system; a high-velocity air distribution system;
nd provisions to incorporate a mini-split heat pump system. The
ZERTF uses a smart meter to measure the energy imported and
xported to the electric grid.

The house faces true south and is comprised of two  stories
252 m2) of living area and a full conditioned basement (135 m2).
he first floor includes the kitchen and dining area, a family room,
n office (optional bedroom), a full bathroom, an open foyer to the
econd floor, and a utility closet. The second floor consists of a mas-
er bedroom with adjoining bathroom, two additional bedrooms, a
econd bath, and a hallway. The finished basement contains the vast

ajority of the facility’s mechanical/electrical equipment whereas

he detached garage contains the data acquisition/control equip-
ent associated with the facility.
seal ed) not seale d)

Fig. 2. blower door test results at various stages of construction.

2.1. Building envelope

The building envelope was constructed using a continuous air
barrier system to minimize infiltration with building ventilation
provided by a heat recovery ventilation (HRV) system. Five blower
door tests, Fig. 2, were conducted at various stages of construc-
tion, with the final test, conducted after the house was complete,
yielding an air exchange rate of 802 m3/h at 50 Pa corresponding to
0.63 air changes per hour. Building envelope components, Fig. 3, are
described in the following sections. Detailed specifications, draw-
ings, and construction can be found at the NZERTF webpage (http://
www.nist.gov/el/nzertf/index.cfm).

2.1.1. Exterior above grade walls
The exterior above grade walls were constructed using nomi-

nal 5.1 cm × 15.2 cm wooden studs on 61 cm centers. The exterior
sheathing is 1.3 cm-thick plywood. A continuous fully-adhered
membrane that serves as an air and moisture barrier was applied
to the plywood sheathing and sealed to the foundation wall. Exte-
rior to the air and moisture membrane are two layers of 5.1 cm
thick foil-faced polyisocyanurate foam board with the joints stag-
gered and the outer layer sealed with tape. Wood furring strips,
2.5 cm × 10.1 cm,  are secured to the structural framing elements
using fasteners that pass through both layers of foam board into
the framing elements. The exterior fiber cement lap siding is subse-
quently attached to the furring strips, resulting in a drainage plane
behind the siding. The wall cavities are filled with blow-in cellulose
insulation. The calculated U-factor [9] of the exterior above grade
walls, including framing members, is 0.13 W/m2-◦C. The windows
are double-hung units (rated U-factor of 1.14 W/m2-◦C) that incor-
porate a fully-insulated fiberglass frame, two  panes of low-e coated
glass with a suspended film positioned between the two  panes of
glass. The cavities between the panes of glass and the suspended
film are filled with an inert gas.

2.1.2. Basement walls/floor
The basement walls were constructed of a 25.4 cm poured

concrete wall with an integral 10.2 cm thick stem wall to accom-
modate the 35.6 cm deep open web  floor joists. Damp proofing
was applied to the exterior concrete walls. A 5.1 cm thick extruded
polystyrene board was  adhered to the interior of the concrete walls
rate insulation board was applied over the extruded insulation
with the exception of the stem wall area. Finally, 1.3 cm thick gyp-
sum board was  applied over the polyisocyanurate insulation. The

http://www.nist.gov/el/nzertf/index.cfm
http://www.nist.gov/el/nzertf/index.cfm
http://www.nist.gov/el/nzertf/index.cfm
http://www.nist.gov/el/nzertf/index.cfm
http://www.nist.gov/el/nzertf/index.cfm
http://www.nist.gov/el/nzertf/index.cfm
http://www.nist.gov/el/nzertf/index.cfm
http://www.nist.gov/el/nzertf/index.cfm
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Fig. 3. Building envelope components and associated R-values.

alculated U-factor [9] of the basement exterior walls is 0.24 W/m2-
C. Open cell spray foam insulation was used to fill the cavities
etween the floor joists where they rest on the stem wall. The
oncrete basement slab is 10.2 cm thick. Located beneath the con-
rete is a 0.15 mm polyethylene vapor barrier resting on 5.1 cm
hick extruded polystyrene insulation. Embedded within the con-
rete slab is polyethylene tubing to be utilized for future radiant
oor heating system research. The calculated U-factor [9] of the
asement floor is 0.56 W/m2-◦C.

.1.3. Roof structure
Unlike conventional residential construction, there is no insula-

ion immediately above the second floor ceiling. The roof insulation
s an integral part of the roof structure which consists of 1.3 cm
hick plywood sheathing, a continuous fully-adhered air-moisture
arrier, 12.7 cm of foil faced polyisocyanurate insulation applied

n three layers (3.8 cm,  5.1 cm,  and 3.8 cm), an additional 1.6 cm

hick sheathing of plywood, a second fully-adhered air-moisture
arrier, and finally asphalt shingles. The cavity between the
.1 cm × 30.5 cm roof rafters, on 61 cm centers, was  filled with
lown-in cellulose insulation. The interior of the roof assembly was
ildings 101 (2015) 95–109 97

finished using 1.3 cm thick gypsum board. The calculated U-factor
[9] of the roof structure, including framing elements, is 0.08 W/m2-
◦C. Unlike conventional framing where the roof rafters are extended
to provide the overhang, the overhangs are constructed using
5.1 cm × 10.2 cm framing applied over the air-moisture barrier, to
reduce the thermal bridging effect of the overhangs. The header
for the front porch that supports the porch roof rafters was  also
applied over the exterior wall insulation system to reduce thermal
bridging.

3. Electrical, mechanical, and plumbing systems

3.1. Electrical distribution system

The NZERTF incorporates two  separate electrical distribution
systems. One distribution system, monitored by a smart meter,
powers electrical loads typically found in a residence. The second
electrical distribution system, not monitored by the smart meter,
powers instrumentation and the devices used to simulate occupant
sensible and latent heat loads. Each electrical circuit was  care-
fully planned so that the electrical use of individual devices could
be measured independently using instrumentation embedded in
circuit breakers. Davis et al. [10] give a detailed overview of the
overall monitoring architecture, sensors used, and the resulting
measurement uncertainties associated with the electrical measure-
ments. The electrical system incorporates a computer-controlled
load control panel to switch on and off circuits throughout the
house.

3.2. Air-distribution systems

The NZERTF has three independent duct systems: (1) an exten-
sive duct system that can be utilized with air-to-air or ground
source heat pumps referred to as the “large duct system”; (2) a
small duct, high velocity (SDHV) air distribution system to be used
in conjunction with an air-to-air SDHV heat pump (not used dur-
ing the first year of operation); and (3) a dedicated duct system
associated with the heat recovery ventilator (HRV). All ductwork
is contained within the conditioned space. The large duct system,
used during the first year of operation, was  designed for less than
124.5 Pa pressure drop at supply and return duct airflow rates
of 2039 m3/h with all ducts fully open. The insulated main trunk
lines are located with the indoor air handler in the basement.
Multiple supply registers are located in each room of the house.
Return ducts are located in central locations on the first and sec-
ond floors. The duct system associated with the HRV, designed for
a nominal airflow rate of 256 m3/h, supplies ventilation air to all
bedrooms and the kitchen, and exhausts air from all three bath-
rooms.

3.3. Air-to-air heat pump system

The heating and air conditioning system used for the first year
of operation in the NZERTF consisted of an air source heat pump
system that incorporates a dedicated dehumidification cycle, Fig. 4.
The dedicated dehumidification cycle, available in the cooling mode
only, is provided by control algorithms and a hot gas bypass
arrangement with an additional indoor air heat exchanger that
reheats the dehumidified air. The outdoor unit incorporates a two-
speed scroll compressor with two modulated hot gas valves on the
compressor discharge that send hot refrigerant gas through a third
pipe to the reheat heat exchanger during active dehumidification.

A supply air temperature sensor provides the control signal used to
proportionally modulate the flow of hot refrigerant gas to maintain
a preset supply temperature during dedicated dehumidification.
The indoor air handler unit contains a variable speed indoor fan.
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Fig. 4. heat pump refrigeran

t the Air-Conditioning, Heating, and Refrigeration Institute (AHRI)
ating conditions [11], the cooling capacity is 7.60 kW and the coef-
cient of performance (COP) is 3.82. In the heating mode at AHRI
ating conditions, the unit has a heating capacity of 7.80 kW.  The
nit has a seasonal energy efficiency ratio (SEER—15.80 Btu/W h) of
.63 W/W  and a heating seasonal performance factor (HSPF Region
V—9.04 Btu/W h) of 2.65 W/W.

This single zone system has a thermostat located in the living
oom area of the first floor. During heating mode or defrost mode
perations, the indoor unit controller may  energize up to 10 kW of
lectric resistance heat. The thermostat set points in the cooling and
eating modes are 23.8 ◦C and 21.1 ◦C, respectively. In the cooling
ode, the thermostat is set such that the dehumidification mode

f the heat pump unit is activated if the relative humidity reaches
0%. The instrumentation, data acquisition system, and measure-
ent uncertainty associated with the heat pump system, as well as

ll other electrical/mechanical subsystems within the NZERTF are
escribed in detail by Davis et al. [10].

.4. Solar photovoltaic system

Thirty-two 320 W,  positively-grounded photovoltaic modules
ith a nominal 19.6% efficiency are mounted on the main roof of

he NZERTF at an 18.4◦ tilt, elevated approximately 14 cm above
he asphalt shingle roof surface. Each module has 96 back-contact

onocrystalline cells behind anti-reflective coated glass. The mod-
les, each having an area of 1.63 m2, are interconnected to form four
arallel strings of eight series-connected modules. The power, volt-
ge, and current at maximum power for the array at Standard Test
onditions (STC) [12] are 10.24 kW,  438 V, and 23.4 A, respectively.
eteorological instruments are located adjacent to the rooftop

rray and include an ambient temperature sensor in a passively
ented, radiation shielded enclosure, an ultrasonic wind sensor

ocated 0.6 m above the roof peak that measures the horizontal

ind speed and direction, and a flat-plate monocrystalline sili-
on cell pyranometer that measures the irradiance in the plane of
he array. Two 5 kW-rated inverters, having a measured weighted
uiting and instrumentation.

efficiency of 95.5% [13], are used to convert the direct current into
60 Hz alternating current (AC).

3.5. Solar hot water system

The residential test facility is equipped with two active, closed-
loop solar water heating systems. During the first year of operation,
only one of the two systems was used. The operational system util-
izes two solar collectors and a 303 L storage tank with its 4500 W
auxiliary heating element disabled, Fig. 5. The second system,
which uses two separate solar collectors, utilizes a 454 L storage
tank, will be used in future research in combination with the base-
ment floor radiant heating system and/or ground source heat pump
system. The solar collectors, heat exchangers, circulators, and con-
trols are identical for both systems. Each solar thermal collector
array consists of two SRCC OG-100 [14] certified single-glazed flat
plate solar thermal collectors with individual aperture dimensions
of 1.1 m by 2.0 m.  The collectors are located on the porch roof, facing
true south at an 18.4◦ tilt.

External to each solar storage tank is an insulated cross-flow
heat exchanger, two circulating pumps, a controller, and two check
valves to prevent reverse thermosyphoning when the pumps are
not running. To prevent freezing, a 50% by volume propylene gly-
col in water solution is used in the solar thermal collector fluid
loops. The controller turns the circulating pumps on when the tem-
perature differential between these two sensors exceeds 10 ◦C and
turns them off when the differential is below 3 ◦C. The controller
de-energizes the circulators when the storage tank sensor exceeds
71 ◦C. The hot water leaving the solar storage tank enters a thermo-
static mixing valve, set at 49 ◦C, before entering the downstream
heat pump water heater. Temperature and flow measurements are
made at multiple locations, as noted in Davis et al. [10].
3.6. Heat pump water heating system

Downstream of the solar hot water system, a heat pump water
heater provides hot water in the event that the solar thermal water
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Fig. 5. Schematic of solar the

eating system cannot meet the demand. The unit consists of a
89 L storage tank with an integrated heat pump water heater.
he system is operated in the “Hybrid” mode with a temperature
et-point of 49 ◦C. The “Hybrid” mode ensures that the heat pump
rovide a majority of the hot water load with a 3800 W resistive
lectric element being activated only in situations where the hot
ater demand cannot be met  by the heat pump. In the “Hybrid”
ode with a set-point temperature of 57 ◦C and an ambient tem-

erature of 20 ◦C, the manufacturer-reported Energy Factor (EF),
OP and standby loss of the unit are 2.5, 2.6, and 0.20 ◦C/h, respec-
ively. In addition to monitoring the power consumption of the
eat pump water heater, other measurements include the inlet
nd outlet water temperatures of the heat pump water heater
nd the volume of water leaving the heat pump water heater
10].

.7. Plumbing system

The hot water leaving the heat pump water heater flows into
 hot water supply manifold. The hot water supply manifold and
 similar cold water manifold distribute water directly to each
xture, toilet, and water-utilizing appliance in the home through

 cm cross-linked polyethylene (PEX) tubing. The entire length of
ubing carrying hot water to each end-use is insulated. The dish-
asher uses hot water, exclusively. The fixtures were manually

djusted to provide a mixed water temperature of approximately

1 ◦C at the sinks and showers, and 43 ◦C at the bathtubs [15].
emperature measurements in conjunction with the accompa-
ying flow rate data [10] are used to compute point of use
emperatures.
nd heat pump water heater.

3.8. Ventilation system

Outdoor air is supplied to the NZERTF via the heat recovery
ventilator (HRV). This unit brings outdoor air into the house and
continuously exhausts indoor air from the three bathrooms, with
heat (but not moisture) exchange between the two airstreams to
reduce the energy needed to condition the outdoor ventilation air.
An HRV was  selected in lieu of an energy recovery ventilator (ERV)
in order to avoid reintroducing the moisture from the bathrooms
into the house. The unit was  sized to provide 137 m3/h of outdoor
air in accordance with the outdoor air requirements in ASHRAE
Standard 62.2-2010 [16]. The actual outdoor airflow rate provided
by the HRV has been measured on several occasions using a hot wire
anemometer traverse and the results are approximately 171 m3/h.
This amount of indoor air was  also continuously exhausted from
the three bathrooms, which meets the requirement for continuous
local bathroom exhaust in ASHRAE 62.2. This value, which exceeds
the ASHRAE Standard 62.2 requirement by approximately 25%,
resulted from selecting the lowest HRV fan speed (of the six pos-
sible) that exceeded the 137 m3/h requirement. The effectiveness
of the heat exchanger is determined using temperature measure-
ments and periodic measurements of the HRV airflows [10]. The
rated power consumption and effectiveness of the HRV are 54 W
and 0.78, respectively.

The house has additional local air exhaust systems comprised of
a kitchen exhaust fan and dryer exhaust. The kitchen exhaust fan
is activated whenever the cooktop is energized, and the exhaust

rate meets the minimum requirement for intermittent local kitchen
exhaust in ASHRAE 62.2. When either of these appliances is on,
a motorized damper in the attic is opened to permit, if needed,
makeup air to enter the house through the attic. However, makeup
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ir only enters the house when the indoor–outdoor pressure dif-
erence is greater than −10 Pa, controlled by means of a barometric
amper downstream of the motorized damper.

.9. Systems for future research

In addition to the previously described systems that were uti-
ized during the first year of operation, the NZERTF contains a
adiant floor heating system, ground-source heat exchangers, and a
mall duct high velocity air distribution system. A brief description
f each system follows.

The basement slab of the NZERTF incorporates a 9-circuit radiant
oor heating system for future research. The radiant floor tubing

s placed 20.3 cm apart with a maximum circuit length of 76 m.
he basement floor construction consists of a filter fabric laying on

ndisturbed soil, 10.2 cm of stone, 5.1 cm of extruded polystyrene

nsulation, a 0.15 mm polyethylene vapor barrier, and finally the
0.1 cm concrete slab with the embedded radiant floor tubing. The
upply and return manifolds are accessible to permit the selection
eat exchangers.

of individual or various combinations of the fluid circuits for future
studies.

Three different sets of ground-source heat-exchangers (GSHX)
were installed in close proximity to the NZERTF for future research:
(1) vertical borehole (2) horizontal u-tube, and (3) horizontal slinky,
Fig. 6. Each GSHX is independent and has been sized to meet the
heating and cooling loads of the NZERTF when used in conjunc-
tion with an appropriately sized Ground Source Heat Pump (GSHP).
The three GSHXs were instrumented [10] in order to permit future
characterization of the heat transfer in the overall GSHX, each
parallel leg within a given GSHX, local sections of main trench
tubing, and supply/return tubing. A manifold inside the house
allows researchers to select the appropriate GSHX. The tubing for
all three heat exchangers consists of High Density Polyethylene
(HDPE) black plastic. The nominal inside diameter of the tub-

ing is 2.54 cm for the actual heat exchangers and 3.81 cm for the
supply and return lines. Each of the three GSHX has three par-
allel legs that are joined together inside an outdoor manifold,
Fig. 6.
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Table  1
Miscellaneous electric plug loads and associated annual energy consumption.

Miscellaneous electric plug loads

Loads Annual energy (kW h) Loads Annual energy (kW h)

First color TV—simulated 127.3a Laptop PC–simulated 72b

Second color TV—simulated 22.3a Desktop PC—simulated 237b

DVD player—simulated 78b PC monitor—simulated 85b

Video game system—simulated 41b Printer (inkjet)—simulated 39
Clock radio—simulated 14.9 DSL/cable modem—simulated 17.6
Portable stereo—simulated 16.8 Hair dryer—actual 41.1
Rack  stereo–simulated 153 Curling iron—simulated 1
Cable  box–simulated 152.7 Vacuum cleaner—simulated 55b

Microwave—actual 135.1 Clock—simulated 26
Coffee  maker (Drip)—simulated 61.2 Cordless phone—simulated 23.2
Toaster oven—actual 33.2 Cell phone charger—simulated 77.4
Toaster—actual 45.9 Answering machine—simulated 33.5
Blender—actual 7 Fan (portable)—simulated 11.3
Can  opener—simulated 3 Heating pads—simulated 3
Hand  mixer—actual 2 Iron—simulated 52.7
Slow  cooker/crock pot—actual 16 Other 9.4
Wireless router—simulated 209.7c

a The annual energy consumption for the First and Second color televisions are based on the occupancy profile. The First one is a 47 in. LED television and the Second one
is  a 32 in. LED television, and both are Energy Star rated.

b The annual energy consumption is obtained from Table 2.1.16 Operating Characteristics of Electric Appliances in the Residential Sector [4].
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c The annual energy consumption is obtained by multiplying the estimated powe

The three vertical GSHX boreholes, separated by a nominal dis-
ance of 6.1 m,  are 15.2 cm in diameter and extend 45.1 m below
he depth of the supply/return tubing, which is 1.22 m beneath the
urface of the earth. The tube separation spacing within the bore-
oles varies between 0 cm and 10.2 cm along the length of the bore.
he tubes were grouted within the boreholes using bentonite clay
rout, with a thermal conductivity of 0.73 W/m-◦C. The horizontal
-tube GSHX trenches are 0.61 m wide, 34.1 m long and 1.8 m deep.
hort-circuiting between the outgoing and returning tubes within

 trench was minimized by carefully burying the tubes at the edges
f the trench. The trenches were filled with soil and compacted
very 0.3 m to ensure good soil-tube contact. The horizontal slinky
SHX trenches are 1.52 m wide, 39.6 m long and 1.52 m deep, with
.74 m inter-trench spacing. Each trench leg has 51 coils of 1.52 m
iameter and coil centers spaced every 0.76 m.  The total length of
oiled tubing in each leg is 244.2 m.  The tube pitch, defined as the
ength of tube per length of trench, is 6.16. Similar to the horizon-
al u-tube GSHX, the slinky trench backfill was  compacted every
.3 m.

An air distribution system is in place that will permit the eval-
ation of high-velocity air distribution systems. The duct system
onsists of main trunk line that runs around the basement perime-
er allowing takeoffs for individual rooms supply registers that
rovide air to the first floor. A supply riser feeds a similar perime-
er run in the attic that serves rooms on the second floor. The trunk
ines are 22.9 cm in diameter and designed for an air flow rate of
039 m3/h. The takeoff ducts that supply the individual registers
re 5.1 cm in diameter.

. Virtual family

The NZERTF utilizes a virtual family to emulate the energy
nd hot water consumption of a typical family. A virtual fam-
ly offers the advantage of providing occupancy and energy use
rofiles that are repeatable, permitting future energy efficient tech-
ologies/energy saving strategies to be evaluated under identical

nergy use/occupant profiles. The number of occupants, occu-
ancy profiles, water usage, and annual energy consumption of
evices within the NZERTF were derived from the Building America
esearch Benchmark Definition [17].
W)  by number of hours in 52 weeks (8736 h).

4.1. Occupancy and lighting profiles

Four occupants are assumed to be living in the NZERTF. A
minute-by-minute occupancy, lighting, and device usage sched-
ule for each virtual family member is based upon a 7 day detailed
narrative as presented in Omar and Bushby [18] and summarized
by Kneifel [19]. Both parents were assumed to leave the house at
8:30 a.m. and return at 6:00 p.m. Both children leave the house at
8:00 a.m. with the eight-year old returning each day at 6:00 p.m.,
while the fourteen year old returns home at 6:00 p.m. on Mondays,
Wednesdays, and Fridays and at 4:00 p.m. on Tuesdays and Thurs-
days. On weekends it was  assumed that at least two members of the
family are home at any given time. For simplicity and repeatability,
the same weekly schedule is used the entire year. The lighting usage
follows the occupancy profile of the family. No lights are energized
when the family is sleeping at night or the house is unoccupied.
Whenever a space is occupied by a virtual family member the lights
in that space are energized.

4.2. Plug load profile

Simulating occupancy in the NZERTF requires operating vari-
ous electric plug loads. Electric plug loads that would be found in
at least 50% of all the households in the U.S. were incorporated
into the NZERTF [1], Table 1. The strategy used to simulate plug
loads (including cooking appliances) was to construct a schedule
for each plug load such that over the course of the year the power
required to operate the device times the hours of operation is equiv-
alent to the annual energy consumption cited in Table 1. The plug
load schedules are graphically presented by Kneifel [19] and dis-
cussed in detail by Omar and Bushby [18]. As noted in Table 1
some plug loads are actual appliances and others were simulated
with resistive loads. Three separate techniques are used to control
electrical loads: time-based, criteria-based, and cycle-based. The
time-based plug loads are turned on and off by the DAS (or DAQ)
at definitive times. The criteria-based plug loads are turned on by

the acquisition/controller unit at a definitive time but de-energized
when fixed criteria have been met. For example, the hair dryer is
energized at a definitive time and is turned off by the data acqui-
sition/controller unit when the energy consumed is equal to the
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Table 2
Total daily moisture generated by cooking events and the NZERTF occupants.

Days Moisture from cooking (L) Moisture from people (L) Total moisture (L)

Sunday 0.26 1.54 1.80
Monday 0.20 1.02 1.22
Tuesday 0.20 1.06 1.25
Wednesday 0.20 1.02 1.22
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Thursday 0.20 

Friday  0.20 

Saturday 0.26 

mount specified within the schedule. The cycle-based control is
sed for the clothes washer, clothes dryer, and dishwasher, where
heir loads are activated based on their start-times and allowed to
omplete their normal cycles. The number of cycles per week for
he dishwasher, clothes washer, and the clothes dryer is based on a
urvey conducted by Proctor and Gamble and obtained from [20].

Cooking meals are simulated by an electric cooktop and an
lectric oven. The baseline annual energy use for smooth elec-
ric cooktops is 233.4 kW h, and for a self-cleaning electric oven
s 303.7 kW h [21]. Each time the cooktop is used the range hood is
lso operated. The refrigerator is not subjected to the type of loads
hat would be present in a typical residence, such as opening doors
r adding warm food. In order to compensate, an electrical resistor
as placed inside the refrigerator and the power adjusted such that

he annual energy consumption of the refrigerator is equivalent to
hat determined using the U.S. Department of Energy regulatory
est method [22], 404 kW h. In addition, the automatic ice maker
s operated continuously and its storage bin is emptied once per

eek.

.3. Occupant sensible and latent loads

Simulating human occupancy requires accounting for the sen-

ible and latent loads. In the NZERTF, sensible loads are simulated
y resistors placed in the bedrooms, kitchen, and the living room
reas operated in accordance with the occupancy schedule for each
oom. In order to introduce moisture into the NZERTF to represent

Fig. 7. Daily and cumulative
1.06 1.25
1.02 1.22
1.49 1.75

the latent loads from cooking and the simulated human occupants,
an ultrasonic humidifier is used [23].

To simulate latent load, the volume of moisture dissipated by the
family through respiration-perspiration and cooking activities was
determined. According to [24], the latent load per person, for seated
and light work in an apartment, is 45 W.  The value of latent heat of
vaporization [25] was  used to convert this value into a correspond-
ing value of 0.07 L/h [18]. The latent load in [24] does not include the
volume of moisture generated by cooking activities. Ref. [26] esti-
mates that the moisture generated as a result of cooking breakfast,
lunch, and dinner for a family of four is 0.17 L, 0.25 L, and 0.58 L,
respectively. During the week, Monday through Friday, no one is
home to prepare lunch so the moisture generated by cooking events
only includes breakfast and dinner. The moisture generated on the
weekends, however, includes all three meals. The daily moisture
generated by the NZERTF family members account for the length of
time that they are home, Table 2. The energy required to emulate
the virtual family is not charged to the overall energy usage of the
home since these electrical loads would not be normally present.

4.4. Occupant water consumption

The average daily water consumption for showers (123.7 L/day),

baths (31.0 L/day), and sinks (110.3 L/day) for the virtual family was
obtained from the average of three domestic hot water studies sum-
marized in [17]. Thus the average total daily water usage is 265 L
not including the water consumption by the dishwasher and the

 net electricity usage.
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Table  3
Monthly NZERTF thermal loads and energy consumption (kW h) by end use.

Month/Year Jul/13 Aug/13 Sept/13 Oct/13 Nov/13 Dec/13 Jan/14 Feb/14 Mar/14 Apr/14 May/14 Jun/14 Annual

Heating load 0.0 0.0 0.0 56.4 830.4 1351.0 2156.9 1634.7 1423.5 252.7 0.0 0.0 7705.7
Cooling load 2122.9 1392.1 937.2 306.4 1.7 0.0 0.0 0.0 0.0 66.8 603.0 1559.7 6989.7
DHW load 252.4 217.8 238.2 268.5 283.2 325.9 343.1 330.0 340.5 300.3 276.9 250.6 3427.5
Heat  pump heating 0.0 0.0 0.0 33.6 396.4 581.5 1254.8 753.1 650.4 113.2 0.0 0.0 3783.1
Heat  pump cooling 700.8 481.0 345.4 142.3 15.7 0.0 0.0 0.0 0.0 13.6 177.7 511.3 2387.8
Heat  pump water

heater
53.3 70.8 57.0 82.5 129.8 156.3 142.8 125.0 120.7 72.7 55.2 46.1 1112.2

Solar  system
circulators

35.7 27.1 31.4 24.2 22.0 18.2 20.4 19.8 22.6 29.0 34.3 34.8 319.6

Lighting 37.5 31.9 36.1 37.8 36.3 36.6 36.9 32.9 36.2 38.1 39.5 35.6 435.4
Plug  loads 202.5 167.1 199.7 210.2 208.5 210.2 214.0 193.8 216.7 206.3 208.2 202.5 2439.5
Heat  recovery

ventilator
42.4 35.6 42.3 44.4 43.7 44.3 46.4 38.7 45.3 42.8 45.4 43.1 514.4

Refrigerator 36.2 30.3 36.0 35.4 32.3 34.0 34.4 31.1 34.7 34.2 35.9 35.7 410.2
Dish  washer 7.8 6.4 7.8 7.8 8.8 8.6 8.6 7.8 8.9 8.0 7.9 7.9 96.3
Cooktop 19.2 16.4 19.7 19.2 19.6 19.7 19.3 17.8 20.9 19.2 20.1 19.4 230.4
Oven  30.0 27.0 31.7 30.0 33.7 31.9 30.0 29.3 35.8 31.7 33.7 31.7 376.6
Clothes washer 5.2 4.6 6.2 6.2 6.1 6.3 6.2 5.6 6.4 6.0 6.1 6.0 70.8
Clothes dryer 47.6 39.8 45.9 44.8 46.8 46.9 45.7 41.2 50.8 44.1 44.2 44.0 541.8
Microwave 12.3 10.4 12.3 12.5 12.2 12.4 12.6 11.4 12.7 12.2 9.2 11.1 141.3
Total  PV AC energy 1492.7 1162.4 1399.7 994.4 839.2 481.1 800.9 729.3 965.2 1425.1 1600.0 1633.3 13,523.4
Total  energy 1262.7 968.3 888.9 747.9 1025.0 1193.7 1891.4 1324.5 1269.4 689.2 733.7 1044.5 13,039.2

−712.

c
a

5

N
h
s
c
b
w
2
t
w
p
t
d
(
s
b

c
R
s
T
[
l
p
s
m
d
s
t
m
a
a
h
n
s
s

consumed
Net  energy export 230.1 194.2 510.8 246.5 −185.8 

lothes washer. The water usage associated with the dishwasher
nd clothes washer is determined by their design/control features.

. Results

A one-year demonstration period to demonstrate that the
ZERTF could achieve net zero began July 1, 2013. The air-to-air
eat pump system, previously described, was used to provide the
pace heating/cooling during the demonstration year. The earth-
oupled heat exchangers, high-velocity air distribution system, and
asement radiant floor heating system were not utilized. The house
as operated as a single zone with constant thermostat set points of

3.8 ◦C and 21.1 ◦C during the cooling and heating seasons, respec-
ively. Only two of the four solar thermal collectors in conjunction
ith the 303 L storage tank were utilized. The lights, appliances,
lug loads, and sensible and latent loads associated with the vir-
ual occupants were operated in accordance with the previously
efined schedules. Selected results are presented in units of energy
kW h) and energy per unit area (kW h/m2) of the conditioned
pace, 387 m2, which includes the living area (252 m2) and the
asement (135 m2).

Charcoal test kits were deployed to measure indoor radon con-
entrations in the house following the EPA Protocols for Radon and
adon Decay Product Measurements in Homes [27]. These mea-
urements were made in the basement, first floor, and second floor.
he average of all samples is below the EPA action level of 4 pCi/L
27]. The building materials for the NZERTF were specified to have
ow emissions of volatile organic compounds (VOC), including a
rohibition on products with any added formaldehyde. Indoor air
amples have been collected to measure the levels of approxi-
ately two dozen individual VOCs and formaldehyde in order to

etermine the impact of the building material specifications. These
amples are collected monthly and will be used to determine if
he VOC emission rates for the house change over time. Measure-

ents to date [28] show that the use of medium density fiberboard
nd particleboard with no-added formaldehyde resins for cabinetry
nd other finished products effectively controlled the formalde-

yde emissions and kept concentrations below levels in typical
ew homes. Monitoring of seasonal indoor VOC concentrations [28]
uggests that building envelope components may  be an overlooked
ource for some VOCs, especially aldehydes and alkanes.
6 −1090.6 −595.3 −304.2 735.9 866.3 588.8 484.1

Fig. 7 shows the daily and cumulative net electricity use for the
first year of operation. A positive value indicates that the house
produced more energy than it consumed and represents the quan-
tity of energy exported to the grid. A negative value indicates that
the house imported energy from the grid to meet the energy usage
over the 24 h period. For the 12 months (July 2013 through June
2014) the house produced 484 kW h more electrical energy than it
consumed, Table 3. The energy consumption by end use is tabu-
lated in Table 3 and displayed graphically in the stacked bar chart,
Fig. 8. The top five energy end uses for the twelve month inter-
val are: (1) space conditioning (6685 kW h; 17.3 kW h/m2), (2) plug
loads (2440 kW h), (3) appliances (1868 kW h), (4) energy associ-
ated with producing hot water (sum of heat pump water heater and
the solar thermal circulating pumps) (1432 kW h), and (5) lighting
(435 kW h). The space conditioning energy consumption includes
514 kW h of energy consumed by the HRV. The energy usage by
each individual appliance is shown in Fig. 9, with the clothes dryer
consuming the greatest amount in this category.

The solar photovoltaic system and associated inverters experi-
enced no malfunctions over the yearlong period converting 16.8% of
the incident solar irradiance into AC electrical energy. As expected,
the conversion efficiency of the photovoltaic array increases as the
average cell temperature decreases, Table 4. The conversion effi-
ciencies for December, January, February, and March were lower
than expected as a result of the 8, 8, 12, and 10 days, respectively,
when all or part of the solar array was  covered with snow and/or
ice for all or part of the daylight period. For all of the winter snow
events, the reference cell plane of array irradiance detector cleared
well in advance of the PV array. The monthly conversion efficien-
cies, from direct current to alternating current, of the photovoltaic
system inverters all exceeded 94.5%.

The solar thermal hot water system provided 54% of the energy
required to meet the domestic hot water load over the twelve
month interval, Table 5. The solar thermal collectors were totally or
partially covered with snow and/or ice during the same time inter-
vals as the photovoltaic array. The two  circulating pumps consumed
320 kW h during the year.
The solar hot water system malfunctioned for a total of 11 days
in late August and early September as a result of an electrical fault
in the glycol-circulating pump. The auxiliary heat pump water
heater unit malfunctioned for 9 days in November and operated
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Fig. 8. Energy co

xclusively in the electric resistive mode as a result of a control
ire becoming dislodged. Of the total energy consumed by the heat
ump water heater unit, 975 kW h (88%) was consumed by the heat
ump and controls and 137 kW h (12%) by the auxiliary resistive
eating element.

Since testing commenced on July 1, 2013 the air-to-air heat

ump system has performed without interruption. When oper-
ted in the cooling mode the unit operated with a seasonal COP
total thermal load/total electricity consumed) of 3.19 compared
o the rated value of 3.82. There are two primary reasons that the

Fig. 9. Monthly energy consu
tion by end use.

measured seasonal cooling COP was less than the rated seasonal
cooling COP. The seasonal cooling standby energy was 5.2% of the
total heat pump energy consumed and is not taken into account
in the rating procedure used to determine rated seasonal cooling
COP. The second contributor is the fact that when the heat pump
operated in the dedicated dehumidification mode, the COP is sig-

nificantly less than when operating it its normal mode, Table 6.
For example, in August 2013 the heat pump operated in the dedi-
cated dehumidification mode approximately 41% of the time during
which the measured COP was  0.89, Table 6. The current rating

mption of appliances.
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Table  4
Monthly photovoltaic system performance.

Month Jul/13 Aug/13 Sep/13 Oct/13 Nov/13 Deca/13 Jana/14 Feba/14 Mara/14 Apr/14 May/14 Jun/14

Average daily incident solar
energy on arrayb (kW h)

292.4 270.1 283.0 190.3 160.0 108.0 149.7 183.3 207.3 271.8 309.1 325.0

Average daily solar insolation on
arrayb (kW h/m2)

5604.0 5176.0 5424.0 3648.0 3067.0 2069.0 2868.0 3513.0 3972.0 5209.0 5924.0 6228.0

Average ambient temperature (C) 25.7 23.6 19.7 15.0 6.8 4.3 −1.9 1.1 4.1 12.7 18.7 23.6
Average cell temperature during

energy generation (C)
38.6 36.7 35.1 26.5 15.9 11.1 7.2 10.8 15.1 24.2 32.8 37.6

Average daily delivered dc
energy (kW h)

51.4 47.8 49.8 34.4 30.0 16.3 27.4 27.9 33.5 50.9 56.1 58.2

Array  efficiency (%) 17.6 17.7 17.6 18.1 18.8 15.0 18.3 15.2 16.2 18.7 18.1 17.9
Average daily delivered AC

energy (kW h)
49.3 45.7 47.7 32.8 28.6 15.4 26.0 26.7 31.9 48.6 53.7 55.7

Inverter efficiency (%) 95.9 95.6 95.8 95.5 95.3 94.5 95.1 95.4 95.2 95.6 95.7 95.7
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a For 8 days in December, 8 days in January, 12 days in February, and 10 days i
xcluded the array efficiencies would have been 19.2%, 19.7%, 19.5%, and 19.2%, res
b The Average Daily Incident Solar Energy on Array was  determined using the fra

rocedure does not address the degradation in performance that
ay  occur when a heat pump unit operates in a dedicated dehu-
idification mode during a portion of the cooling season.
In the heating mode, the measured seasonal COP was 2.06 com-

ared to the rated seasonal COP value of 2.65. The seasonal heating
tandby energy was 3.5% and is not considered in the rating pro-
edure used to determine seasonal heating efficiency. The resistive
eat is energized whenever the heat pump unit is in the defrost
ode. The testing/rating procedure does not include the impact

f resistive heat during the defrost cycle. Additionally, the resis-
ance heat operated more frequently than anticipated, due to the
nherent control logic of the thermostat. The thermostat heating
onfiguration allows the user to prescribe a 1st stage differential,
nd stage differential, 2nd stage delay time, and 3rd stage differ-
ntial. The differential temperature is relative to the current set
oint temperature and the delay time is the maximum amount
f time a given stage is allowed to operate before energizing the
ext higher stage. The cooling and heating mode differentials and

elays, Table 7, were selected to maintain comfortable conditions
hroughout the year and minimize the use of resistive heat during
he heating season. In the heating mode, 40 min  was  the maximum
ime the thermostat would permit the heat pump’s compressor to

able 5
onthly solar hot water and heat pump water heater system performance.

Month Jul/13a Aug/13 Sept/13b Oct/13 Nov/13c

Average outdoor temperature
(◦C)

25.7 23.6 19.7 15.1 6.8 

Average mains water
temperature (◦C)

22.9 22.8 23.0 21.1 18.8 

Energy delivered to solar storage
tank (kW h)

282.6 151.1 249.7 190.6 139.9 

Solar  circulator pump energy
consumption, Esolar (kW h)

35.7 27.1 31.4 24.2 22.0 

Total  energy used by heat pump
water heater, EHP (kW h)

53.3 70.8 57.0 82.5 129.8 

Energy used by heat pump water
heater, resistive heat only
(kW h)

0.0 5.8 3.2 3.2 44.3 

Energy delivered by heat pump
water heater tank, Qdel,HP

(kW h)

42.1 107.9 68.3 118.7 172.0 

Total  hot water load, Qload (kW h) 252.4 217.8 238.2 268.5 283.2 

Solar  fraction, SF ()d 0.83 0.50 0.71 0.56 0.39 

Solar  energy factor, SEF () 3.17 2.23 2.69 2.52 1.86 

a Data loss on 7/1/2014 prevented calculation of Energy Delivered and Hot Water Load
b Between 8/24/2013 and 9/3/2014, the pumps of the solar thermal water heater hea

irculating pump.
c Between 11/25/2013 and 12/5/2013, the heat pump of the heat pump water heater w
d SF = 1 − (Qdel,HP/Qload); SEF = Qload/(Esolar + EHP).
ch the PV array was fully or partially covered with snow. If these days had been
ely, for December, January, February, and March.
rea of an individual module (1.63 m2) multiplied by the number of modules (32).

operate in its high speed mode before energizing the electric resis-
tance heat. This type of control logic appears to be effective in the
cooling mode, but produced unnecessary usage of electric resis-
tance heat in the heating mode. By limiting the high stage heat
runtime to 40 min, the thermostat energized 3rd stage electric heat
even though 2nd stage heating was increasing the temperature in
the house and holding the indoor temperature within 0.6 ◦C of set
point.

During the seven months that cooling was required in the
NZERTF, the sensible to total load ratio varied from 0.58 to 0.78,
Fig. 10. Currently most high efficiency heat pump systems oper-
ate with a sensible to total load ratio of greater than 80%. The
higher latent loads associated with low energy homes will benefit
from new technologies and control strategies that better address
moisture removal. In the NZERTF enhanced moisture removal was
made possible through the use of a heat pump that incorporated a
dedicated dehumidification mode.

An analysis was  performed to quantify the energy usage asso-

ciated with the heat pump operation due to additional thermal
loads introduced by the HRV. The HRV has two energy impacts,
the fan energy and the increase or decrease in the thermal
load resulting from introducing outdoor air into the house. For

Dec/13c Jan/14 Feb/14 Mar/14 Apr/14 May/14 Jun/14 Annual
summary

4.4 −1.8 1.1 4.1 12.6 18.7 23.6 12.8

16.8 15.4 14.5 14.9 16.0 18.8 20.7 18.8

96.1 113.4 148.5 188.7 279.4 299.4 304.9 2444.4

18.2 20.4 19.8 22.6 29.0 34.3 34.8 319.6

156.3 142.8 125.0 120.7 72.7 55.2 46.1 1112.2

36.1 13.9 14.2 12.8 3.3 0.6 0.0 137.4

244.0 240.2 207.7 187.3 84.4 54.7 35.3 1562.6

325.9 343.1 330.0 340.5 300.3 276.9 250.6 3427.5
0.25 0.30 0.37 0.45 0.72 0.80 0.86 0.54
1.87 2.10 2.28 2.38 2.95 3.09 3.10 2.39

 values for that day; therefore, SEF for July is computed for 7/2/2013–7/31/2013.
t exchanger were not operational due to failure of electrical connection to glycol

as not operational due to a control wire being disconnected.
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Table 6
Monthly air-to-air heat pump system performance.

Month Jul/13 Auga/13 Sep/13 Oct/13 Nov/13 Dec/13 Jan/14 Feb/14 Mar/14 Apr/14 May/14 Jun/14

Thermal loadb

Heating mode (kW h) 0.0 0.0 0.0 56.4 832.1 1351.0 2156.9 1634.7 1423.5 252.7 0.0 0.0
Cooling mode (kW h) 2122.9 1392.1 937.2 306.4 1.7 0.0 0.0 0.0 0.0 66.8 603.0 1559.7

Heat  pump energy usage
Heating mode (kW h) 0.0 0.0 0.0 33.6 396.4 581.5 1254.8 753.1 650.4 113.2 0.0 0.0
Cooling mode (kW h) 700.8 481.0 345.5 142.3 15.7 0.0 0.0 0.0 0.0 13.6 177.7 511.3
Resistive heat (kW h) 0.0 0.0 0.0 13.6 103.0 117.0 547.6 196.4 169.4 10.2 0.0 0.0
Avg.  outdoor temp (◦C) 26.6 24.6 20.7 15.5 7.1 4.5 −1.5 1.0 4.1 13.1 19.7 24.5
Avg.  indoor temp (◦C) 23.6 23.5 23.5 22.4 21.0 21.0 20.9 20.9 21.0 21.2 22.9 23.3
Degree heating days 0.0 0.0 30.7 218.8 610.0 773.5 1107.3 873.3 792.6 301.0 45.9 0
Degree cooling days 924.9 682.5 580.5 325.0 61.4 39.1 0.0 0.0 22.8 196.3 542.1 785.4
Heating run time (h) 0.0 0.0 .2 0.0 14.9 181.5 314.1 460.9 370.7 305.1 10.2 0.0 0.0
Cooling run timec (h) 492.1 256.3 81.2 17.5 0.0 0.0 0.0 0.0 52.6 133.8 395.6
Dehumidification mode (h) 164.9 143.8 70.0 38.0 17.5 0.1 0.0 0.0 0.0 0.0 13.8 133.2
Dehumidification (L/kW h) 1.35 1.30 1.20 1.10 0.29 0.70 – – – – 1.04 1.23

Coefficient of performance
Heating mode (−) 0.00 0.00 0.00 1.68 2.10 2.32 1.72 2.17 2.19 2.23 0.00 0.00
Cooling mode (−) 3.03 2.89 2.71 2.15 0.11 0.00 0.00 0.00 0.00 4.90 3.39 3.05
COP1  (dehumidification)d 0.93 0.89 0.91 0.76 0.20 0.48 – – – – 0.71 0.84

a Missing data Aug 2 through Aug 6, 2013.
b Heat pump thermal load includes electric resistance heat.
c Cooling run time includes the time the unit operated in the dehumidification mode.
d Dehumidification COP equals the average of the daily dehumidification COP values (total latent energy divided by electrical energy during active dehumidification).

Table 7
Air-to-air heat pump thermostat settings.

Mode 1st Stage differential (◦C) 2nd Stage differential (◦C) 2nd Stage delay time (min) 3rd Stage differential 3rd Stage delay time

40 

10 

e
i
t
w
s

Cool 1.1 2.8 

Heat  0.56 1.1 

xample, when the outdoor air temperature is lower than the

ndoor air temperature additional energy will be required to heat
he home during the heating season compared to an identical home
ithout a fresh air ventilation system. During the cooling sea-

on, the introduction of outdoor air may  increase or decrease the

Fig. 10. Monthly sensible heat ra
NA NA
3.3 ◦C 40 min

sensible and latent loads, dependent on the outdoor air tempera-

ture and moisture content relative to the indoor temperature and
relative humidity. The use of the HRV can also be compared to
the hypothetical situation of meeting the ventilation requirement
using a balanced ventilation system without a HRV to introduce

tio during cooling months.
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Table 8
Monthly heat recovery ventilator performance.

Month/Year Jul/13 Aug/13a Sept/13 Oct/13 Nov/13 Dec/13 Jan/14 Feb/14 Mar/14 Apr/14 May/14 Jun/14

Energy consumption (kW h) 42.4 35.6 42.3 44.4 43.7 44.3 46.4 38.7 45.3 42.8 45.4 43.1
Average  ambient temperature (◦C) 26 24 20 15 7 4 −2 1 4 13 19 24
Average  outdoor air temp. to HRV

(◦C)
26 24 20 16 8 6 1 4 6 13 19 24

Average  indoor temp. to HRV (◦C) 24 24 24 22 21 21 21 21 21 21 23 24
Average  HRV exhaust temperature

(◦C)
26 24 22 18 13 12 9 11 12 16 21 24

HRV  effectiveness (–) 0.62 0.61 0.71 0.75 0.76 0.74 0.73 0.74 0.75 0.75 0.75 0.74
Average  flow rate (m3/h) 174 192 180 194 186 206 208 205 207 195 201 193
Sensible  loadb introduced by

HRV(kW h)
−18.7 4.9 54.4 106.8 204.5 244.5 314.3 245.4 243.5 122.0 62.2 4.8

Latent  loadc introduced by HRV
(kW h)

511.7 282.9 40.1 −23.5 −138.4 −106.0 −106.8 −70.7 −58.2 −76.0 −23.4 233.1

Additional  heat pump electrical
energy used to meet HRV
ventilation load (kW h)d

229.6 191.6 −5.4 −30.7 32.1 154.9 417.1 201.1 189.5 −16.9 −77.0 165.0

Sensible  load introduced by balanced
ventilation system, no HRV (kW h)

−81.1 −10.1 122.5 236.2 491.0 591.9 763.0 593.6 591.3 293.0 133.4 −21.1

Latent  load introduced by balanced
ventilation system, no HRV (kW h)

513.6 290.4 62.3 12.3 −113.1 −80.4 −80.1 −52.7 −38.1 −54.3 3.7 262.1

Additional  heat pump electrical
energy used to meet balanced
ventilation system (No HRV) load
(kW h)e

201.7 167.2 −15.6 1.7 58.6 198.6 538.5 229.1 232.3 29.9 −64.5 154.1

Difference  in heat pump energy–no
HRV vs HRV ventilation relative to
HRV ventilation (%)

−4.0 −5.0 −1.8 18.4 6.4 7.5 9.6 3.8 6.6 35.9 7.0 −2.1

a Missing data for Aug-2 through Aug-6, 2013.
b Sensible loads are the sum for the month with positive sensible indicating cooling and negative indicating heating the house. Some days the HRV or the mechanical ventilation system helped the cooling or heating system

and  some days the HRV or mechanical system worked against the heating or cooling system.
c Latent loads should be equal but differ due to using living room relative humidity and temperature for the exhaust air when doing calculations for mechanical ventilation. HRV calculations where done with living room

relative  humidity and the temperature measured at the HRV for the exhaust air. A negative latent load occurred when moisture was  removed from the house.
d Heat pump electrical is the reduction or increase in the energy consumed by the heat pump as the result of introducing fresh air utilizing the HRV.
e Heat pump electrical is the reduction or increase in the energy consumed by the heat pump as the result of introducing the same quantity of fresh air as the HRV case but with no heat recovery.
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he same quantity of outdoor air. During the one-year period, the
RV consumed a total of 514 kW h in fan energy, Table 3. It is
ssumed the fan power required for the balanced ventilation sys-
em without an HRV would be equivalent to the ventilation system
tilizing a HRV. Table 8 captures the energy impact of the HRV
nd ventilating to the same degree using a balanced ventilation
ystem without a HRV. When space cooling was required, the use
f the HRV resulted in an increase of 187 kW h (0.5 kW h/m2) and
048 kW h (2.7 kW h/m2) in the sensible and latent loads, respec-
ively, over the 12 month test interval. Using a balanced ventilation
ystem (no HRV) that introduces the same quantity of outdoor air,
he sensible and latent cooling loads would have been increased
y 316 kW h (0.8 kW h/m2) and 1168 kW h (3.0 kW h/m2), respec-
ively. When space heating was required the HRV increased the
ensible load by 1402 kW h (3.6 kW h/m2) and decreased the latent
oad by 583 kW h (1.5 kW h/m2). Using a simple balanced venti-
ation system without a HRV when space heating was required

ould have increased the sensible load 3387 kW h (8.8 kW h/m2)
nd reduced the sensible load 442 kW h (1.1 kW h/m2).

Table 8 shows that use of an HRV increased the electrical energy
onsumption of the heat pump more than would have been the case
f a balanced ventilation system without an HRV had been used
or the months of July-2013, August-2013, September-2013 and
une-2014. In those months the use of a balanced ventilation sys-
em without a HRV would have reduced the electrical energy used
y the heat pump system (Table 3) by 4.0%, 5.0%, 1.8%, and 2.1%,
espectively compared to the measured heat pump consumption
sing the HRV. During the months of October-2013, November-
013, December-2013, January-2014, February-2014, March-2014,
pril-2014 and May-2014, use of the HRV decreased the heat pump
lectrical energy consumption compared to the energy that would
ave been consumed if a balanced mechanical ventilation system
ithout a HRV had been used with the difference ranging from

.8% to 35.9%, Table 8. For the cooling months, when the reduc-
ion in the sensible load was greater than if a balanced ventilation
ystem without a HRV had been used the total electrical consump-
ion of the heat pump is greater due to the fact that the latent
oads are larger and the heat pump has a significantly lower COP

hen operated in the dehumidification mode as compared to the
ormal mode. The annual energy required to ventilate the house
sing the HRV is the total of the additional energy to run the heat
ump, 1451 kW h (3.7 kW h/m2), to meet the additional thermal

oad introduced by the HRV, plus 514 kW h of HRV fan energy, for a
otal of 1965 kW h (5.1 kW h/m2). If a balanced mechanical ventila-
ion system without an HRV had been used the total annual energy
onsumed would have been 1732 kW h (4.5 kW h/m2) of additional
eat pump energy to meet the load introduced by the balanced
entilation system (without an HRV) plus 514 kW h of assumed fan
nergy or 2246 kW h (5.8 kW h/m2). This finding is climate depend-
nt. In this case, the HRV would result in less energy consumption
uring the heating months and more energy during the cooling
onths compared to a balanced ventilation system without a heat

ecovery ventilator.

. Lessons learned

In addition to quantitative data presented in this paper, a num-
er of lessons were learned during the design and operation of
he NZERTF. Using a well designed and implemented building
nvelope, efficient building energy technologies, and appropri-
tely sized solar photovoltaic and thermal systems, it was  possible
o achieve net-zero for a house with conventional architecture,

menities, and size comparable to those being constructed in
he surrounding area. The living area of the NZERTF (252 m2) is
omparable to the average size home (242 m2) currently being con-
tructed in the United States.
ildings 101 (2015) 95–109

The photovoltaic and thermal solar systems were significantly
impacted by snow cover during the demonstration period. For 38
of the 365 days the photovoltaic and thermal panels were totally or
partially covered by snow. The photovoltaic system, consisting of
four parallel strings of eight modules connected in series, is signifi-
cantly impacted by snow cover when any given module(s) within a
string is snow covered as a shaded photovoltaic module can current
limit the entire string. Significant periods of time for the snow cover
on the photovoltaic panels to melt were observed as a result of the
well-insulated roof assembly keeping heat loss to a minimum.

The actual performance of a heat pump system can be expected
to be less than its rated performance. The rated performance, based
upon laboratory tests, does not include the standby energy that
is consumed when the unit is not providing space conditioning.
Additionally, whenever the NZERTF heat pump entered into the
defrost mode the controls energized a backup resistive heater. The
test procedure does not capture the energy impact of the resis-
tive heat during defrost cycles. During the cooling season the heat
pump unit operated in the dedicated dehumidification mode for
significant portions of time. The test procedure/rating procedure
does not reflect the reduced performance of the heat pump when it
operates in the dehumidification mode. During the time intervals
that the heat pump unit is operating in the dehumidification mode
the COP is significantly lower, Table 6. Finally, the manner in which
the thermostat operates the heat pump, previously discussed, can
have a significant impact on the heat pump’s performance that is
not reflected by laboratory testing/test procedures used to rate heat
pumps.

7. Conclusions

A net-zero energy residential test facility has been constructed
on the campus of the National Institute of Standards and Tech-
nology in Gaithersburg, MD.  The facility has demonstrated that
a residence similar in size, aesthetics, and features to those in
the surrounding communities can achieve net-zero energy oper-
ation. During the first year of operation the residence generated
13,523 kW h of electricity using the 10.2 kW solar photovoltaic
system. The house consumed 13,039 kW h (33.7 kW h/m2) energy
while meeting the electrical and comfort needs of a typical four
member family, resulting in a net energy export of 484 kW h.

The solar photovoltaic system converted 16.8% of the incident
solar radiation into useful electrical energy. The solar thermal
hot water system provided 54% of the energy required to meet
the domestic hot water load. The greatest end use of electric-
ity within the residence was for space conditioning, followed by
plug loads, and appliances. Ventilating the house to exceed the
ASHRAE Standard 62.2-2010 requirement using an HRV resulted
in 1965 kW h (5.1 kW h/m2) of energy consumption: 514 kW h to
power the HRV fan and an additional 1451 kW h (3.7 kW h/m2) of
energy being used by the heat pump to meet the additional sensible
and latent loads. This represents 31.8% of the energy consumed by
the heat pump, 15.0% of the total energy consumed by the house,
and 14.5% of the energy generated by the photovoltaic system. If
the HRV had provided the exact flow rate specified by ASHRAE
Standard 62.2-2010 requirement, 137 m3/h versus the measured
flow rate of 171 m3/h, and assuming identical fan power in both
cases, it is estimated that the total energy impact of the HRV would
have been 1676 kW h (4.3 kW h/m2) or 12.8% of the house’s total
annual energy consumption.

The NZERTF has a vast array of features and capabilities that
will be utilized in the future. Over 200 future research and develop-

ment opportunities suggested by 22 organizations are summarized
in Domich et al. [29]. Recommended “research and development
opportunities” within this document range from practical tests for
assessing the airtightness of building enclosures to dynamic control
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f the heating, cooling, and ventilation systems taking full advan-
age of emerging “smart grid” capabilities.

Among the lessons learned during this one year study was sig-
ificant impact that snow and/or ice can have on the output of a
hotovoltaic system attached to an extremely well-insulated roof.
ignificant periods of time were needed for the snow/ice cover to
elt as a result of the well-insulated roof assembly. It was also

bserved that a simple control device, such as the heat pump’s ther-
ostat, can have a significant impact on the energy needed during

he heating season. Despite these challenges, it was shown that net-
ero can be achieved for a home slightly larger than the average size
urrently being constructed in the U.S. with all the amenities and
eatures of a modern home.
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